GeTe octahedra were prepared by reaction of equimolar amounts of GeCl 2 ·dioxane and Te(SiEt 3 ) 2 in oleylamine, whereas a slight excess of the Te precursor yielded GeTe octahedra decorated with elemental Te nanowires, which can be removed by washing with TOP. The mechanism of the GeTe formation is strongly influenced by the solvent. The expected elimination of Et 3 SiCl (dehalosilylation) only occurred in aprotic solvents, whereas Te(SiEt 3 ) 2 was found to react with primary and secondary amines with formation of silylamines. Temperature-dependent studies on the reaction in oleylamine showed that crystalline GeTe particles are formed at temperatures higher than 140 °C. XRD, SAED, and HRTEM studies proved the formation of rhombohedral GeTe nanoparticles. These findings were confirmed by a single-crystal and powder X-ray analysis. The rhombohedral structure modification was found, and the structure was solved in the acentric space group R3m.
■ INTRODUCTION
Nanostructured metal chalcogenides have received increasing interest over the past decade due to their possible technical applications in energy devices such as fuel and solar cells, lightemitting diodes, Li-ion batteries, and thermoelectric devices. 1 Germanium telluride, GeTe, and the related GST compounds (Ge 2 Sb 2 Te 5 ) are interesting phase change materials (PCM). 2−6 GST compounds typically crystallize either in a metastable face centered cubic (C) phase or in the stable rhombohedral (R) or hexagonal (H) phase. For materials belonging to these classes reversible amorphous-to-crystalline phase transitions are frequently observed, 7−12 which can be triggered thermally or electrically. Upon crystallization, the conductivity and reflectivity of GeTe significantly change, hence rendering this material a very promising candidate in nonvolatile phase change random access memory (PCRAM) such as CDs or DVDs. 13, 14 The ferroelectric phase change of GeTe results from a distinctive structural change between the nonpolar rock salt structure to the polar rhombohedral phase. This symmetry-breaking structural distortion occurs below 350°C. 15 Furthermore, GeTe is well known to exhibit thermoelectric properties. 16 Nanosized PCM materials such as GeTe nanoparticles are very interesting because of the well-known influence of the reduced dimensionality of a given material on its physical properties such as melting points or crystallization properties. 17−22 Since GeTe nanoparticles are expected to improve device performances, 23 the interest in suitable precursors for the size-and shape-selective synthesis of GeTe nanocrystals has remarkably increased in recent years, and several general reaction pathways have been established. 24 GeTe nanowires containing a large excess of elemental tellurium were formed in high-boiling organic solvents via seed-mediated growth using Bi nanoparticles, 25 whereas GeTe nanowires with uniform diameter distributions were grown on the basis of the VLS mechanism. 26 Wet chemical (colloidal) routes also gave access to amorphous and crystalline GeTe nanoparticles with distinctive shape and size. Reactions of GeI 2 with TOPTe in the presence of tri-n-octylphosphine (TOP), tri-n-octylphosphine oxid (TOPO), and dodecanethiol at 250°C yielded amorphous GeTe nanoparticles, whose sizes ranged from 1.7 to 5 nm. 23 A strong correlation between the crystal size and the crystallization temperature was observed, with a decreasing particle size leading to an increase in crystallization temperature. While for bulk GeTe an amorphous-to-crystalline phase transition was observed at about 170°C, 27 1.8 nm sized GeTe nanoparticles started to crystallize not before 240°C. 23 Crystalline GeTe nanoparticles were also obtained from the reaction of Ge[N(SiMe 3 ) 2 ] 2 and TOPTe in 1-octadecene at 200°C in the presence of oleylamine and dodecanethiol, whereas amorphous GeTe particles were formed in the absence of dodecanethiol at reaction temperatures below 170°C. 27 Increasing reaction times produced larger, polydisperse nanoparticles (9.0−27.8 nm). Alivisatos et al. recently reported on the synthesis of GeTe nanocrystals with variable sizes using germanium precursors of different reactivity. 28 The reaction of Ge[N(SiMe 3 ) 2 ] 2 with TOPTe in 1-dodecanethiol and an excess of TOP at 250°C yielded crystalline GeTe nanoparticles with an average size of almost 9 nm, whereas nanoparticles with an average diameter of roughly 17 nm were obtained at 250°C in the presence of oleylamine. 29 In contrast, the reaction of the less reactive GeCl 2 ·dioxane with TOPTe and 1-dodecanethiol at 180°C produced significantly larger GeTe nanocrystals (∼100 nm). Micron-sized crystalline GeTe nanoparticles of octahedral shape with terminal {111} facets decorated with vertically aligned arrays of Te nanowires were synthesized by reaction of Ph 2 Ge and TOPTe under supercritical conditions in hexane (460°C, 13.6 MPa). 30 In contrast, GeTe cubes with an average edge length of 1.0 μm were obtained from reactions of GeI 2 with tert-butylamine-borane (TBAB) in the presence of TOPTe at 180°C. 31 41 While short reaction times (<10 min) yielded amorphous powders, elongated reaction times (30, 60 min) gave faceted, almost monodisperse GeTe cubes (350 nm size). In addition, Buck et al. reported very recently on the polymer-assisted synthesis of GeTe nanoparticles of octahedral faceted shape. 42 We now report herein our detailed studies on the reaction of GeCl 2 ·dioxane with Te(SiEt 3 ) 2 in the absence of any reducing agent. The role of the solvent and the influence of reaction time and temperature were studied in detail. In addition, the singlecrystal X-ray analysis of α-GeTe is reported.
■ EXPERIMENTAL SECTION Materials. GeCl 2 ·dioxane (ABCR) was used as received, 1,3-diisopropylbenzene (DIPB, Sigma-Aldrich) was carefully dried over Na/K alloy and oleylamine (Acros), hexadecylamine (Acros), 1-hexadecanethiol (Sigma-Aldrich), tri-n-octylphosphine (Sigma-Aldrich), di-n-octylamine (Acros), and tri-n-octylamine (Acros) were degassed prior to use. Te(SiEt 3 ) 2 was synthesized according to a literature method. 43 All syntheses were performed under an argon atmosphere using standard Schlenk techniques.
Synthesis of GeTe Particles. GeCl 2 ·dioxane (150 mg, 0.65 mmol) was suspended in 20 mL of the solvent (oleylamine, hexadecylamine, 1-hexadecanethiol, DIPB, tri-n-octylamine) and heated to 150°C. Te(SiEt 3 ) 2 (200 mg, 0.56 mmol) was injected into the yellow suspension, immediately giving a black suspension, which was stirred for an additional 4 h. The reaction mixture was allowed to cool to ambient temperature, and the GeTe particles were isolated by centrifugation, repeatedly washed (three times) with CHCl 3 , and dried under vacuum.
Thermal Analysis. Thermogravimetric analysis (TGA)/differential thermal analysis (DTA) was performed on a Mettler Toledo Star 1 machine under Ar flow (heating rate 2°C min −1 ).
Single-Crystal X-ray Diffraction. Single-crystal X-ray analysis was performed on a Stoe IPDS I diffractometer (Mo Kα radiation, λ = 0.71073 Å). Crystallographic data were collected at 80(2) and 298(2) K. The structure was solved by direct methods (SIR-92) and refined anisotropically by full-matrix least-squares on F 2 (SHELXL-97). 44, 45 Absorption corrections were performed semiempirically by approximating the true crystal size and shape from equivalent reflections (Stoe X-Shape). X-ray Powder Diffraction (XRD). XRD patterns were obtained at ambient temperature, i.e., at 25 ± 2°C, using a Bruker D8 Advance powder diffractometer in Bragg−Brentano mode with Cu Kα radiation (λ = 1.5418 Å, 40 kV, and 40 mA). The powder samples were investigated in the range of 5 to 90°2θ with a step size of 0.01°2θ and a counting time of 0.3 s. For each Rietveld refinement, performed with the program package TOPAS 4.2 from Bruker, the instrumental correction as determined with a standard powder sample LaB 6 from NIST (National Institute of Standards and Technology) as standard reference material (SRM 660b) was taken into account.
SEM Analysis. Scanning electron microscopy (SEM) studies were carried out on a Jeol JSM 6510 equipped with an energy-dispersive Xray spectroscopy (EDX) device (Bruker Quantax 400).
TEM Analysis. Transmission electron microscopy (TEM) studies were performed on a Philips CM300UT-FEG operated at 300 keV and equipped with a germanium EDS detector (ThermoScientific NSS6) for energy-dispersive X-ray spectroscopy (EDS) analysis. The samples were prepared on perforated carbon foils without further grinding.
■ RESULTS AND DISCUSSION
The reaction of GeCl 2 ·dioxane with Te(SiEt 3 ) 2 was monitored by 2 and metal halides such as SbCl 3 and GeCl 2 ·dioxane, respectively. 38, 39, 46 In contrast, the reaction of GeCl 2 ·dioxane and Te(SiEt 3 ) 2 in oleylamine did not proceed with elimination of Et 3 SiCl ( Figure  2 , Supporting Information). Oleylamine is known to serve as capping and reducing agent, 47 and Alivisatos et al. reported on reactions of GeCl 2 ·dioxane and Ge[N(SiMe 3 ) 2 ] 2 with primary amines (oleylamine) and alkanethiols (1-dodecanethiol), which proceeded at elevated temperatures with subsequent formation of Ge(0) nanoparticles. 29 The lower reduction rate of GeCl 2 · dioxane compared to Ge[N(SiMe 3 ) 2 ] 2 resulted in lower Ge(0) particle nucleation rates and increasing nanoparticle sizes. 2− dianion. 48 According to these findings, we assume that in situ formed Te−H species, which are strong acids, are deprotonated by the excess amine base. Tellurium polyanions then react with GeCl 2 ·dioxane with formation of GeTe. According to these studies, oleylamine has to be considered rather as a reagent that has a strong influence on the whole reaction mechanism than as a simple capping agent. Reactions of Te(SiEt 3 ) 2 and GeCl 2 ·dioxane were investigated in noncoordinating, aprotic (DIPB) and in coordinating, protic solvents (oleylamine) at 160°C in order to further investigate the role of the solvent on the particle composition and morphology.
Scanning electron microscopy (SEM) images of the resulting materials showed the formation of largely agglomerated, noncrystalline particles in DIPB, whereas GeTe particles of octahedral shape were obtained in oleylamine (Figure 1 ). The elemental compositions (Ge, Te) in both materials are in accordance with the formation of pure GeTe. The edge lengths of the GeTe octahedra ranged from 250 to 350 nm. This is significantly smaller compared to the octahedral GeTe crystallites synthesized in supercritical hexane at significantly higher reaction temperatures (460°C), which showed edge lengths of about 1 μm. 30 Moreover, these octahedra were largely decorated with elemental tellurium nanowires. Even larger GeTe octahedra of several micrometers were obtained from a vapor transport process. 49 Transmission electron microscopy (TEM) investigations (Figure 2 ) of the octahedral-shaped GeTe particles confirmed the unimodal size distribution and edge length of 300 nm as found by SEM and revealed all particles to be crystalline.
The composition of the GeTe octahedra from EDS nanobeam analysis of 20 different crystals was determined with a Ge:Te ratio of 48:52 on average with a standard deviation of 2 for both elements. This agrees, within experimental error, with the expected composition of GeTe. Electron diffraction (ED) patterns from different zone axis orientations (given in the Supporting Information) can be indexed consistently with a rhombohedral cell, yielding lattice parameters a = 5.98 Å and α = 88.3°, which are in good agreement with α-GeTe and with the results from powder Xray diffraction (PXRD) of this sample as shown in Figure 5 . It is more convenient to describe α-GeTe with the rhombohedral cell in space group R3m (no. 160) than with a hexagonal R cell to show the close relationship to the rock salt structure. Figure  3 shows a GeTe crystal viewed along the [100] zone axis with the corresponding pattern in the same orientation. Obviously, Our TEM results are in excellent agreement with the findings of Kim et al. 41 on octahedral-shaped GeTe nanocrystals. They described their particles to have a unimodal distribution (average value 337 nm) and a composition of 47:53 and 56.6:43.4 Ge:Te ratios from two EDS measurements. HRTEM exhibits well-resolved 2D lattice fringes with plane spacings of 222 pm, which correspond to lattice planes of {024} in hexagonal R GeTe. These findings are within the error of ED and consistent with the d-value of {022} fringes in rhombohedral setting as observed in our samples. Recently, Buck et al. reported on the polymer-assisted synthesis of GeTe nanoparticles of octahedral-faceted shape. 42 The lattice parameters of the rhombohedral GeTe nanoparticles were proven by ring diffraction patterns from selected area electron diffraction (SAED) of a number of crystals. The growing direction was deduced from HRTEM to be ⟨111⟩ for the octahedral planes, and the composition as derived from EDS was found to be Ge 52 Te 48 .
The TGA/DTA analysis ( Figure 3 , Supporting Information) of the isolated GeTe octahedra as obtained from the reaction in oleylamine at 160°C showed an endothermic peak at 716°C, which is slightly lower than that reported by Kim et al. (721.8°), 41 whereas the melting point of bulk GeTe is significantly higher (725°C). 50 A TGA experiment showed a weight loss of only 1.2% up to a temperature of 500°C, which is a good indicator for the purity of the GeTe microcrystals. More substantial weight loss started at 600°C due to sublimation of GeTe. A DSC study (Figure 4) showed a first-order solid−solid phase transformation at 386°C, which is in between the temperatures previously reported (350°C, 52 The calculated density of the unit cell (6.18 g/ cm 3 ) agrees well with that of bulk α-GeTe (6.14 g/cm 3 ). The determined crystallite size (using the Scherrer equation) of 160 nm confirms the nanostructure of the produced GeTe particles and corresponds to the values of the TEM studies. In addition, microstrain (ε = 0.07%) as another influential effect on the peak broadening in the diffractogram was also detected ("Williamson−Hall plot", see Figures S4 in the Supporting Information). The calculated texture coefficients (relationship defined by Barret and Massalski) 66 for the first 11 hkl values did not show any sign of texture effects (see Table S1 in the Supporting Information).
Since the results of the reaction of GeCl 2 ·dioxane and Te(SiEt 3 ) 2 in oleylamine were much more promising than those in DIPB, we focused on this reaction and particularly investigated the role of reaction time, reaction temperature, and solvent in detail.
Growth Mechanism. Reactions between GeCl 2 ·dioxane and Te(SiEt 3 ) 2 at 150°C in oleylamine were carried out to determine the starting point of crystallization and formation of octahedral GeTe. Figure 6 shows SEM images of the solid precipitate obtained after different reaction times, which show the formation of crystalline GeTe octahedra 60 min after starting the reaction, whereas shorter reaction times produced particles without defined shape, most likely much smaller particles whose shape could not be resolved precisely. These findings point to a thermodynamically driven Ostwald-ripeningtype crystal growth process, in which large numbers of small GeTe crystals of heterogeneous shape over time grow to fewer larger crystals with well-defined morphology and shape in order to decrease their energy. The formation of a large number of small GeTe crystals requires a spontaneous precipitation of crystal seeds by a very fast reaction between GeCl 2 ·dioxane and Te(SiEt 3 ) 2 , hence producing a large number of crystal seeds, which is very likely under these specific conditions according to our NMR studies.
Role of Reaction Temperature. The reaction temperature was lowered to 100°C in order to verify its influence on the size, shape, and crystallinity of the GeTe particles. The formation of octahedral GeTe particles was observed starting at 140°C (Figure 7) , whereas lower reaction temperatures gave only materials with unspecific morphologies. XRD studies proved that the formation of crystalline GeTe particles started at 140°C. The size of the crystalline GeTe particles formed at 160°C is larger than that of the particles formed at 140°C, as can be derived from the sharper reflexes. Reactions performed at 180°C also gave GeTe particles, whose size and shape were comparable to those obtained at 160°C. These findings somehow correlate with those of previous studies, in which the amorphous-to-crystalline phase transition for GeTe thin films was found to occur at 145°C, 53, 54 whereas bulk GeTe started to crystallize at roughly 180°C. 55 However, this finding has to be considered as rather coincidentally since the solution-based growth of crystalline GeTe particles kinetically differs from the reorganization of solid GeTe from the metastable amorphous state to the crystalline state. TEM studies revealed the formation of GeTe octahedra, whose surface is covered with Te nanowires (Figure 9a, b) . Te-decorated GeTe particles were previously obtained by Korgel et al. in reactions of diphenyl germane (GePh 2 ) with TOPTe in supercritical hexane at 460°C in the presence of octanol, oleic acid, or isoprene, 30 whereas hexadecanethiol completely quenched the Te nanowire formation. The formation of the Te@GeTe particles was explained by initial formation of the GeTe core, from which the Te nanowires grew off their faceted surfaces. Even though the exact mechanism of the Te nanowire formation remained unclear, the authors suggested that the additives either modify the reactant decomposition kinetics or influence the reactivity of the particle surfaces due to the binding/passivation with different capping agents. However, we observed that the Te wires can be removed by washing the Te@GeTe particles with TOP, resulting in the formation of TOPTe (Figure 9c,d) .
Role of Solvent. To verify the specific role of the solvent, we further investigated the reaction of GeCl 2 ·dioxane and Te(SiEt 3 ) 2 in hexadecylamine, di-n-octylamine, tri-n-octylamine, and 1-hexadecanethiol, respectively.
Crystalline GeTe particles of octahedral shape were obtained in hexadecylamine and di-n-octylamine, whereas the reactions in tri-n-octylamine and 1-hexadecanethiol preferably occurred with formation of elemental tellurium ( Figure 10 ). In particular the formation of Te crystallites in the presence of hexadecanethiol is somewhat surprising, since Milliron et al. reported on the synthesis of GeTe nanoparticles with controlled size and morphology only in the presence of dodecanethiol, 23 while Korgel et al. reported that hexadecanethiol quenches the formation of elemental Te nanowires. 30 These findings also demonstrate that the initial formation of Te polyanions by amination of Te(SiEt 3 ) 2 , which proceeds only with primary and secondary amines, seems to play a key role in the reaction mechanism of the GeTe particle formation. In summary, we believe that protic, strongly coordinating solvents are essential for the formation of GeTe nanoparticles with defined size and morphology.
Single-Crystal Analysis. Bulk GeTe has long served as a prototype for phase change materials as a result of its simple composition and structure. 53, 56 Amorphous GeTe is a semiconductor with a band gap of 0.8 eV and an electrical resistivity of 10 3 Ωcm, whereas both values changes dramatically upon crystallization (0.1 eV, 10 −4 Ωcm). 57 As a consequence, the structure of GeTe has been largely investigated in the past. Amorphous GeTe becomes crystalline at roughly 180°C. A rhombohedral GeTe phase, α-GeTe, is formed, which further undergoes a phase transition to the more symmetric hightemperature rock-salt (NaCl-type) phase, which is stable only above 400°C. The phase transition was found to occur at 350°C ; 53 in other reports a transition temperature of roughly 400°C is reported. 51 However, the structure reports are contradictory. There is little doubt that the structure of α-GeTe is related to its high temperature modification β-GeTe, which crystallizes in the NaCl type of structure. Upon cooling, a distortion along the 3-fold axis occurs and the crystal system undergoes a transition from cubic to rhombohedral. For the rhombohedral modification structure solutions have been reported in the acentric space group R3m with (hexagonal) lattice parameters of a = 4.2 Å and c = 10.7 Å. 58, 59 However, also reports of a unit cell with a 4-times larger volume and double a-axis (a = 8.3 Å and c = 10.7 Å) 60, 61 can be found, and the structure has been solved in the centric space group R3̅ m 62−65 as well as in its acentric counterpart R3m.
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Single GeTe crystals were grown from freshly prepared GeTe upon slow sublimation at 650°C and 10 −3 mbar. Crystals of almost perfect octahedral morphology up to 200 μm in size were obtained within 16 h (Figure 11 ).
Single X-ray structure analysis at low and room temperature confirmed the larger cell with a = 8.471(5) Å and c = 10.392(6) Å, which yields a c/a ratio of 1.226 and a volume of V = 645.8(7) Å 3 at 80(2) K and a = 8.396(2) Å and c = 10.637(3) Å with a c/a ratio of 1.267 at 298(2) K with a volume of V = 649.43(2) Å 3 (for details on the data collection and structure solution see the Supporting Information). On the basis of the appearance of weak reflections the smaller cell with half the aaxis had to be dismissed. Also a structure solution in the smaller unit cell was unstable, and comparison of the calculated powder pattern based on this solution and the recorded powder pattern clearly rule out the smaller unit cell ( Figure 5 and the Supporting Information).
Structure solution in the larger unit cell succeeded in both the acentric space group R3m and the centric space group R3̅ m. The R-values as well as the goodness of fit for a structure solution as an inversion twin in the acentric space group were noticeably smaller. A clear proof why a structure report in the acentric space group should be preferred over the centric becomes clear when analyzing the anisotropic displacement parameters (Figure 12 ).
■ CONCLUSIONS
Nanosized GeTe octahedra were obtained from the reaction of GeCl 2 ·dioxane and Te(SiEt 3 ) 2 at temperatures as low as 160 °C. The solvent was found to play a critical role on the reaction mechanism, since highly stoichiometric GeTe octahedra were obtained only in the presence of primary and secondary amines. Oleylamine has to be considered rather as a reagent, which strongly affects the chemistry of the whole reaction, than as a simple capping agent. In contrast, reactions in DIPB occurred with elimination of Et 3 SiCl and subsequent formation of agglomerated GeTe particles, whereas reactions in tri-noctylamine and 1-hexadecanethiol produced elemental tellurium. The presence of protic, strongly coordinating solvents is essential for the formation of GeTe particles with defined chemical composition, size, and shape. In the presence of an excess of Te(SiEt 3 ) 2 , GeTe particles decorated with Te nanowires were obtained. The Te nanowires can be removed by washing the particles with TOP. A single-crystal and powder X-ray determination proved that GeTe crystallizes in the acentric space group R3m.
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